Nucleic acid homology studies are providing a common base for establishing bacterial groups. Few phenotypic characteristics have consistently correlated with homology data among the various groups of organisms that we have investigated. However, there are correlations that are specific for a given group of bacteria such that nucleic-acid homology data can be used to select those phenotypic properties that will be most useful for identification and taxonomic purposes.
Nucleic acid homology studies are providing a common base for establishing bacterial groups. Few phenotypic characteristics have consistently correlated with homology data among the various groups of organisms that we have investigated. However, there are correlations that are specific for a given group of bacteria such that nucleic-acid homology data can be used to select those phenotypic properties that will be most useful for identification and taxonomic purposes.
It has been almost 10 years since deoxyribonucleic acid (DNA) reassociation, or homology, experiments were first applied t o problems of bacterial taxonomy. Since then, these experiments have been directed primarily at elucidating nucleotide sequence similarities among organisms whose designations were based on an existing taxonomic structure. The results of these homology studies have, therefore, usually been used by the investigators as a measure of homogeneity or heterogeneity within phenotypically defined groups. In the investigations I wish to discuss here (presented at the Annual Meeting of the American Society for Microbiology, 1973) , on the other hand, the primary groupings have been based much on the homology results, and the general aim has been to determine which phenotypic characters correlate best with the groups so defined.
The technique that we employ most extensively in our laboratory is the membrane filter competition experiment. In this procedure, unlabeled DNA fragments compete with tritium-labeled DNA fragments for reassociation sites on strands of unlabeled DNA immobilized on a membrane filter. This procedure measures that fraction of a reference organism's genome which can react with competitor DNA from various other organisms (Fig. 1) .
We routinely incubate the reaction mixture at a temperature 25 C below the thermal melting temperature (T,) of the reference DNA (as measured in standard saline citrate [ 1 X SSC] : 0.15 M NaCl-0.015 M sodium citrate, pH 7). Under these conditions, the maximal binding (i.e., binding when no competitor DNA is present) is usually about 40% although it ranges from 25 t o 50%. The actual amount of binding depends on the incubation temperature and on the quality of both the labeled DNA and the DNA on the filter. The maximal binding has been normalized to 100% in the figure for ease of comparison. The extent of homologous competition at the two most commonly used levels, i.e., 75 and 150 pg of competitor DNA, is in the ranges of 86 to 89% and 90 to 93%, respectively. If the homologous competition is much less than this, there is nonspecific binding in the system. Also, in a competition experiment the effect of the competitor DNA is exponential. Therefore, these experiments are very sensitive to impure DNA preparations such as might result from mixed cultures.
As the fraction of the genome which can react diminishes, the thermal stability of the heterologous duplexes that are formed decreases (3, 9, l l , 13) . Figure 2 depicts the homologous and heterologous thermal-stability profiles of Propionibacterium acnes and P. a v i d u m , which show about 53% homology with each other (8) . The temperature difference between homologous and heterologous duplexes at which 50% of the duplexes have disassociated, T, (e), is 12.5 C. Thus, the experiment was able to resolve a 3% guanine + cytosine (G + C) difference for both the homologous and heterologous profiles.
Listed in Table 1 are homology and T, (e) values fro'm organisms representing diverse groups; the percent G + C of the DNA preparations ranges from 28 t o 70% G + C. The data are represented graphically in Fig. 3 . In general, the correlation between the percent homology and the decreased thermal stability of heterologous duplexes is quite good. There may, however, be a small degree of difference in some groups; for example, the duplexes of DNA from lactobacilli with low homology may be somewhat less stable than those of the majority of the organisms in that homology range. Anderson and Ordal's data (1) on marine vibrios (Fig. 3 ) are similar t o those for the lactobacilli. In a case where the percent G + C content of the DNA from organisms is not the same, the decrease in thermal stability is accentuated. For example, P. acnes (59% G + C) and P. avidum (62% G + C) show 53% homology with each other, as d o P. jensenii
However, the heterologous DNA duplexes from P. acnes-P. avidum are 5 t o 6 C less stable than the P. jensenii-P. thoenii duplexes (Table 1, Fig.  3) . In other cases, for example Bacteroides and Fusobacterium , the variations in the thermal stability of heterologous duplexes cannot be explained on the basis of percent G + C.
Another point of interest in Fig. 3 is that, for the heterologous duplexes that show high homology (80 to loo%), the homology values usually drop more rapidly than do the T, (e) values. This indicates that in this homology range the major variations that are being measured are differences in genome size and alteration in the linear arrangement of cistrons due to such mechanisms as conjugation, transformation, or transduction. At about 70% homology, there appears to be a distinct break. In the lower homology range, differences in the base sequences become increasingly important, as indicated by the decreasing thermal stabilities, although some of the scatter may be the results of the above-mentioned mechanisms. Therefore, if one were to determine a curve by using all of the coordinates in Fig. 3 , a diauxic curve would result.
How should DNA homology values be used in taxonomy? If they are regarded as an end in themselves, they soon become boring and lifeless sets of figures without much practical use. What I believe to be the most useful and interesting questions to ask are as follows. "How do the biological properties which have traditionally been used t o identify and classify bacteria correlate with DNA homology values?" "DO certain phenotypic characters tend t o be more conserved than others, and are they thus more useful for classification and identification?"
The data in Table 2 major difference between them is that C. butyricum strains will grow on a glucose-minera1 salts medium containing only biotin as an additional growth factor, whereas the C. beijerinckii strains have more complex growth requirements (4). Therefore, the usual method of using a complex basal medium for fermentation tests tended to mask fundamental differences that were indicated by the homology results. Also, the cell walls of the C. butyricum strains contain only glucose, and the walls of C. beijerinckii contain glucose and galactose. Two of the C. faZZax strains ( and DNA homology results. The anaerobic corynebacteria were subdivided into 11 species by the use of conventional tests (16). Although this degree of speciation was not supported by most workers (14, 18, 21, 22) , there was disagreement on what should be considered valid species. A homology study on 80 strains resulted in the definition of three major groups, which we have designated P. acnes, P. avidurn, and P. granulosum (8) . P. acnes was the largest group, with 62 strains, and is the most homogeneous with which we have worked. The average homologies with the reference strains were 90% and above (8) . However, there were two distinct types within P. acnes, based on the sugar composition of the cell walls. The walls of type I P. acnes contain galactose, glucose, and mannose, and those of type I1 contain only glucose and mannose (8) . The strains in the P.
I O Q T E M P E R A T U R E C
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wall sugars (galactose, glucose, and mannose; and glucose and mannose), which correspond t o those in the P. acnes group. It is also of interest that, although most strains of P. acnes and P. avidum contain the L-isomer of a,€-diaminopimelic acid (L-DAP), occasional strains in both species having the type I1 cell wall sugar composition (glucose, mannose) contain meso-DAP (8) . Unabsorbed serum for P. acnes type I1 agglutinates cell walls of P. avidum type I1 to a greater extent than those of P. acnes type I (C. S. Cummins, personal communication; Table  3 ). Therefore, the cell wall structure appears t o be conserved between these two groups of organisms. Thirty sugars and polyols are routinely used at the Anaerobe Laboratory (Virginia Polytech- nic Institute and State University, Blacksburg) for identification, and 80% of these carbohydrates are utilized to the same extent by organisms in the three homology groups ( 6 ) . With respect to the remaining six sugars, P. avidurn strains are more similar t o those of P.
granulosum than to those of P. acnes (6) .
The arrangement of the classical propionibacteria in the 7th edition of Bergey's Manual (2) is based primarily on C. B. van Niel's investigation of these organisms in 1928 ( 19). Many of the same strains were used by us t o generate the homology data summarized in Table 4 ( 8) . It is of interest to note that van Niel used morphological and sugar-utilization characteristics t o establish the major groups, and the species designations within these groups were based primarily on sugar-utilization differences. The DNA homology data correlate extremely well with van Niel's major groups, but we were unable to distinguish between the species within each group.
Recently, we have been working on the Bacteroides fragiZis group of organisms. At present, these are subdivided into five subspecies on the basis of indole production and the differential utilization of seven t o eight carbohydrates. The utilization patterns for 20 other carbohydrates and polyols are identical among these strains, and morphological differences are negligible ( 6 ) . To date, we have delineated 10 homology groups (strains having 80 to 100% homology to the reference strain) from this group of organisms. The interhomology values for the reference strains are shown in Table 5 . The two homology groups of B. fragilis subsp. fragilis are closely related, and we have not been able to distinguish them from each other phenotypically. Reference strains of the two homology groups in B. fragiZis subsp. distasonis have negligible homology with each other. These groups d o differ in the utilization of two carbohydrates, but only a very limited number of strains has been investigated so far. . I t appears that, with the exception of gross cell morphology and, to a limited extent, cell wall structure, there are no phenotypic characteristics that consistently correlate with homology data within the various groups of organisms that we have investigated. However, we have found correlations that are specific for a given group. Nucleic acid homology data can serve as a basis for the interpretation of phenotypic properties. For example, if one were t o obtain a number of strains having a certain level of homology with each other, phenotypic traits common to this group could then be selected that would identify organisms belonging t o the group.
It appears to me that any meaningful system of taxonomy at the level of lower taxa must be based on nucleic-acid homologies. Depicted in Fig. 4 is a proposal for consideration which would define varieties, subspecies, and species on the basis of DNA homology. This proposal is in keeping with a genetic definition of a species as discussed by Marmur et al. (13) . The term genospecies, as proposed by Ravin (1 7 ) , is used to differentiate these groups from those that have been phenotypically defined. Although the groupings are somewhat arbitrary, they d o represent groupings that are usually observed in homology studies and from a practical standpoint will probably result in the lumping as often as in the splitting of phenotypically defined taxa.
The geno-varieties would include organisms having high homology with each other, whose DNA forms heteroduplexes having thermal stabilities similar to homologous duplexes, but which can still be separated into groups having specific phenotypic expressions. Examples are the groups based on cell wall sugar patterns and antigenic composition in P. acnes and P. avidurn, and those based on patterns of susceptibility to specific phages, differences in toxin production, and so on.
The geno-subspecies would be those strains that have 60 to 70% homology with organisms in the high homology (geno variety) group. Heteroduplexes between DNA from these organisms and DNA from those in the geno-variety groups would have AT, (e) values of 7 to 9 C. There may be some overlap in the extent of homology between the two groups, but the AT, (e) values should enable strains t o be assigned to the correct group (Fig. 3) There is gradation in homology levels from 50 to about 20%. These I have designated as separate, but closely related, geno-species. It is important to note that interspecies transformation is usually between species with interspecies homologies within this range (5, 8 , 14) . Nucleic-acid homology studies provide a common base for establishing bacterial groups, which does not depend upon the interpretation of specific phenotypic tests. However, once these groups are established, it will be important to select phenotypic tests by which organisms in these groups can be easily and rapidly identified, without the necessity for lengthy hom ology investigations.
